Variability in cerebral glucose metabolism was examined between and within subjects when paired studies were performed in the resting state or in a behav iorally activated state. Both normal and demented sub jects were studied twice each, from I to 6 weeks apart, under near-identical conditions, using positron emission tomography (PET) and [18Flfluorodeoxyglucose. Resting state studies were repeated in nine normal and four de mented subjects. A picture-viewing test, used for activa tion during PET, was used repeatedly in seven normal and five demented subjects. Within-subject variability, as assessed by the percent difference in metabolic rates in
The clinical applications of positron emission to mography (PET) have been relatively limited com pared, for example, to the applications of magnetic resonance imaging in routine clinical management. One factor contributing to the restriction of the clinical use of PET is the large variability, and therefore reduced reliability, of measures of cere bral blood flow and metabolism in normal subjects and patients with a variety of clinical disorders. As PET is an effective method of examining the re gional cerebral effects of behavioral activation, it is of importance to determine whether variability of paired studies, was reduced by 60-70% for activation state compared to resting state studies in normals. It is concluded that PET studies of brain metabolism, which are designed to study the active brain, should indeed be performed in functionally activated states, as in addition to demonstrating metabolism during a defined functional state, activation studies show reduced variability of cere bral metabolic measures. Key Words: Behavioral activa tion -Cerebral glucose metabolism -Intraindividual variability -Positron emission tomography -Resting state.
PET measures increases or decreases when specific states of behavioral activation are used. The pur pose of this study is to demonstrate that the vari ability of cerebral metabolic rate for glucose (CMRg1u) can be reduced by performing studies in specific states of behavioral activation. The vari ability of CMRg1u was studied in psychologically ac tivated states and in nonactivated or resting states, in normal and demented subjects. We show that studies done with behavioral activation, rather than in the resting state, result in reduced intraindividual variability.
MATERIALS AND METHODS

Subjects
Subjects studied were enrolled into two groups. These comprised elderly normals and patients with dementia who were age-matched to the elderly normal group as closely as possible. Sixteen normal subjects and nine pa tients with dementia were screened for systemic, cardio vascular, renal, and endocrine disorders by physical ex amination, electrocardiography, chest x-ray, and routine laboratory screening, as previously described (Duara et aI., 1983) . All normal subjects and patients underwent detailed neurological examination, neuropsychological tests, which included the Wechsler Adult Intelligence Scale (WAIS) IQ scores that were used for this study, and magnetic resonance imaging (MRI) of the head. Abnor malities in the cortex, subcortical area, and brain stem discovered on MRI were used for exclusion of normal subjects from this study. However, periventricular T2-en hanced areas surrounding the frontal and occipital horns and occurring linearly along the lateral ventricles were considered concomitants of normal aging and did not re sult in exclusion of normal sUbjects.
In the demented patients, dementia was established using Diagnostic and Statistical Manual of Mental Dis orders (DSM-IIl) criteria (American Psychiatric Associa tion, 1980) and neuropsychological tests. The degree of severity was assessed by the Mini-Mental State examina tion (MMS) (Folstein et aI., 1975) . All demented subjects scored above 15 on the MMS, which is compatible with mild to moderate dementia. Based on history, examina tion, and magnetic resonance scans, the following diag noses were established: probable Alzheimer's disease in seven subjects, Huntington's disease in two subjects, and Binswanger's disease in one subject.
Informed consent was obtained from all normal sub jects. In the dementia group, informed consent was ob tained from the demented subjects and a family member. The study protocol was approved by the Research Com mittee, the Human Rights Committee, and the Isotope Committee of the Mount Sinai Medical Center, Miami Beach, Florida.
Positron emission tomography
[lsF]fluorodeoxyglucose (FDG) was prepared using the nucleophilic reaction (Tewson, 1983) , modified to pro duce multi-millicurie doses, by the radiochemistry staff of Mount Sinai Medical Center. No detectable contami nation of FDG by [lsF]fluorodeoxymannose was found (Shiue et aI., 1985) . Details of the method have been pub lished previously (Vora et aI., 1985) . Injected dose varied between 3 and 5 mCi of FDG per study.
A total of 50 studies were performed on 25 subjects (2 studies per subject, 1-6 weeks apart). Subjects arrived 1-2 h prior to commencement of the studies, which were all performed between 11 :00 a.m. and 4: 00 p.m. Subjects remained fasting for a minimum period of 3 h prior to the study and abstained from smoking cigarettes or taking any medication, alcohol, coffee, or tea on the day of the study. None of the subjects was on chronic psychotropic medication.
Two intravenous catheters were introduced, one into a dorsal vein of each hand, through which 0.5 N saline was infused. One hand was heated in a Lucite chamber and skin temperature was maintained at about 45°C. Arterial ized venous blood samples were withdrawn at predeter mined intervals from the heated hand vein during the course of the study for the measurement of plasma con centration of radioactivity and glucose.
Following the injection of FDG, subjects remained in a specific behavioral state (described below) for 30 min, after which the subject's head was positioned in the scanner, with the inferior orbitomeatal (10M) line parallel to the plane of scanning. The head position was secured by means of padding and a tape extending across the forehead to the frame of the head holder. Scanning was performed by a PETT V, 7-slice camera (full width, half maximum: 15 mm in the axial plane), for a duration suffi cient to obtain 2 x 106 counts in the slice with the highest activity (average time 20-30 min).
Attenuation correction of the images was performed by means of an operator-drawn ellipse. Slices were assigned a level above the 10M line using a standard brain atlas (Eycleshymer and Schoemaker, 1911) , as described pre viously (Duara et aI., 1983) . Regions of interest were ob tained by a computer program that automatically placed 8 mm x 8 mm size boxes over the entire cortex and peak subcortical gray matter structures. Positions of any of the boxes were adjustable by the operator, who then selected 1-4 boxes to correspond to each of 59 regions (28 bilat eral and 3 midline regions), as shown in the standard brain atlas. [This method of regional analysis corre sponds to the method described in a previous publication (Duara et aI., 1983) , with the exception that boxes of a fixed size were projected onto the cortex and subcortical regions, replacing the free hand outlining of regions of interest.]
As subjects were restudied using the same baseline (10M line) for positioning, the level and orientation of the scans were similar between the two studies. In addition, to check the alignment, a scout scan lasting 5 min was performed in the repeat studies, and the levels were com pared with those in the first study. Where misalignment was detectable, the position was adjusted appropriately. Hence, regions of interest used in theJirst study could be used in the second study.
Regional cerebral metabolic rates of glucose (rCMRglu) for grey matter structures were calculated using an oper ational equation (Hutchins et aI., 1984) . Mean cerebral gray matter metabolic rate for glucose (XCMRglu) was cal culated by obtaining a mean value for all boxes in the brain selected for regional analysis. Lobar metabolic rates (mean of all regions contained in a lobe) were also calculated for frontal, parietal, occipital, and temporal lobes. Previous studies (Duara et aI., 1984) have shown that the variance between subjects for the ratio of rCMRglu to xCMRglu (rIX) is substantially less than for rCMRglu' Hence, in this study, in addition to absolute metabolic rates, we included results for rlX. An asym metry (R/L) measure is also included, calculated as 2(R -L) (R + L), where R is rCMRglu for a right-sided re gion and L is rCMRglu for a homologous left-sided region.
Behavioral states
Each subject had either paired resting state studies or paired activation state studies. Those subjects who were in the resting state remained in a quiet and darkened envi ronment, with eyes closed and covered and ears un plugged. Those subjects who had activation state studies were given the picture preference test. In this test, a slide projector was used to present a series of colored pictures of faces, animals, seascapes, landscapes, flowers, and in animate objects. Each slide was shown for 10 s, and the test continued for 30 min (180 pictures per study). Sub jects were asked to depress a foot pedal with the right or left foot, depending on whether they liked or did not like each picture. The responses were recorded. Presenta tions were similar, but not identical, in the paired studies for all subjects who had the picture preference test. Most studies were repeated within 2 weeks of the first study. However, the range of the interval between scans was from 1 to 6 weeks.
Data analysis
The focus of this study was to examine variability within individuals studied in the resting state and during psychological activation for the measures xCMRglu , lobar rCMRglu, rix, and RlL. To examine intraindividual vari ability, we computed percent differences (�%) for the above measures. Percent difference was calculated ac cording to the formula: 200(ab)/(a + b), where a is a value from study 1 and b is a corresponding value from study 2 in a given subject.
Values of intraindividual �% for the four groups (resting and activated normals and resting and activated demented subjects) were compared using Student's t tests (two-tailed). Correction was made for multiple com parisons by dividing the desired level of significance (p < 0.05) by the number of comparisons made and using that value as the criterion for significance.
The correlation coefficients between CMRglu values for study 1 and study 2 for resting and activated subjects were calculated as measures of reliability. A high positive correlation coefficient would indicate a high degree of re liability between first and second studies.
RESULT S
Sixteen normal subjects had two PET scans each, nine of these repeatedly in the resting state and seven repeatedly while performing the picture preference test. Nine demented subjects also had two PET scans each, four in the resting state and five while performing the picture preference test. Plasma glucose levels were not different for any of the groups between study 1 and study 2. The mean intervals between repeated studies in any of the groups were not different. There were no age dif ferences for any of the groups, but WA IS IQ scores were reduced in the demented subjects compared to the normals (Table 1) . xCMRg1u did not differ in any of the groups when study 1 was compared to study 2. Among normal and demented subjects, ac tivated subjects showed significantly higher xCMRglu compared to resting subjects for study 2, but not for study 1 (Table 1) .
Intraindividual .l% for xCMRg1u values was re-duced in activated as compared with resting normal subjects (Table 2) . This finding was not obtained in demented subjects. The correlation coefficient be tween study 1 and study 2 xCMRg1u measures in resting normal subjects was virtually zero (0.001), indicating no correlation at all. In activated normal subjects, the correlation coefficient was 0.703, which reached significance at the 0.05 level for a one-tailed test (Table 3) . In demented subjects, the correlation coefficients were not examined because of the very small numbers in each group. For each brain lobe in normal subjects, intraindi vidual .l% for xCMRglu was reduced during activa tion compared to resting studies by 60-80% (Table  3) . The reductions were all significant. Intraindi vidual .l% for rlx and R/L also tended to be re duced for most brain lobes for activation state studies as compared with resting studies, but the reductions did not meet the criterion for signifi cance.
DISCUSSION
We have shown that reduced variability is achieved by performing studies in a behaviorally activated state rather than in the nonactivated or resting state. This advantage does not appear to apply to studies in demented patients. Only abso lute measures, and not the metabolic ratios, show significant reduction in variability from resting to activated state, even though means for the vari ability of metabolic ratios were generally lower during activation. Thus, the metabolic "landscape" is more stable than the absolute metabolic rate in the resting state.
It can be argued that the results from this study give measures, not of random variability, but of systematic differences between first and second scans. The only way this question could be effec tively addressed would be to perform several studies in each subject and then determine whether or not measured variability altered after the second scan. Nevertheless, an issue of importance brought out by this study in the design of protocols em ploying measures of brain metabolism is that vari ability, whether random or systematic, can be re duced in studies conducted under activated condi tions. Variability in a physiological measurement can arise from measurement error and from intrinsic physiological variations. Cerebral blood flow and metabolism, measured either by PET or the Kety Schmidt nitrous oxide technique, have shown con siderable variability (Dastur et aI., 1963) . Physio logical variability may be diurnal or may have greater or lesser periodicity (Crane et aI., 1980; N ehlig et aI., 1985) and may cause fluctuations in mean or regional cerebral metabolic rates. Vari ability from measurement error tends to be greater as the interval between measurements increases (Reivich et aI., 1985) . One measurement factor that can greatly confound results in PET studies is inac curacy in repositioning of the head between studies. However, because a high degree of vari-ability has been reported using several different methods of measuring cerebral blood flow and me tabolism (Reivich et aI., 1982) , physiological rather than methodological factors are likely to be respon sible for most of this variability. In a review of the various problems in PET studies and strategies for their solution, it was predicted that a specific am bient state, such as a mental task, would reduce variability of cerebral glucose metabolic rates (Mazziotta and Phelps, 1985) . We have shown that this is indeed the case with the picture preference test and would predict that most other behavioral tests would similarly reduce variability.
In comparison to the undefinable "resting state," a specific, imposed behavioral state would be ex pected to induce more comparable levels of func tional activity in the brains of different individuals and of the same individual studied repeatedly. A simple reason for this to happen would be because the sensory environment and the motor activity would be standardized by performing a specific task. Other reasons would be that such factors as attentional level and wakefulness would be fairly standard for a defined task, but may be very vari able during rest. Hence, if care were taken to stan dardize the method and the strategy by which a task is performed, between-subject variability in regional metabolic rates measured during the per formance of a given task could potentially be mini mized. This reduction in variability should also be obtained in demented subjects, provided that the task is relatively simple. Reivich et al. (1985) have compared interindi vidual to intraindividual variability in the resting state and have shown dramatic reduction of the co efficient of variation of CMR g \u from values ranging between 21.3 and 24.6% for interindividual compar isons to between 5.2 and 8.7% for intraindividual comparisons. This latter range of intraindividual variability is considerably less than the 23.8% in traindividual variability obtained in our subjects for resting state studies. However, Reivich et al. (1982) performed their second studies only 2 h after the first study, using [ ll C]deoxyglucose as the tracer, whereas we repeated studies after an interval of 1-6 weeks. In all likelihood, the difference in time interval between the first and second studies ac counts for the difference found in reliability of CMR g lu values in the two protocols. Based on our findings, we would predict that variability in CMR g \u for identical behaviorally activated state studies, performed 2 h apart in the same subject, would be even less than the 5.2-8.7% variability reported by Reivich et al. for resting state studies.
We have recently developed a method that allows the measurement of two sets of rCMR g \u values, representing two separate behavioral states, in a single extended PET procedure using FDG (Chang et al., 1985) . The time interval between the two measurements is only 50 min, and repositioning of the patient is not necessary. In preliminary studies (Chang et aI., 1986) we have obtained mean vari ability of only 2% for various brain structures for repeated studies performed with identical activa tion. Although this new method requires extensive validation, the prospects are high of obtaining less than 5% variability when a behavioral state is re peated. Mazziotta and Phelps (1985) have compared [ 18 F]deoxyglucose to 15 0-labeled water as agents for measuring cerebral functional activity by PET. 15 0-labeled water studies require less than 10 min for completion of the procedure, as compared to 1 h for [ 18 F] or [ ll C]deoxyglucose studies, and there fore [ 15 0]water studies can be repeated several times to study behavior. The improvement in tem poral resolution and the ability to perform repeated studies without repositioning, using [ 15 0]water, were considered to be distinct advantages.
J Cereb Blood Flow Me/ab, Vol, 7, No.3, 1987 We believe that the 30-min uptake period for de oxyglucose studies may have a hidden advantage that may serve to reduce the variability of the re sults in repeated studies. This advantage may be described as the smoothing effect of signal aver aging, as a larger number of behavioral responses can be summed over a 30-min period. The con founding effects of dealing with a new task (novelty effect) in the short time period of the [ 15 0]water method may match or even exceed the effects of fatigue and habituation in the longer time period of the deoxyglucose method. Reliability studies, which are lacking for the [ 15 0]water method, will aid in the decision of which isotope and compound to use for a particular behavioral study.
In conclusion, we have shown that the variability of CMR g \u measurement can be reduced by per forming studies during behavioral activation in normal and demented subjects. Future modifica tions of the FDG method may further reduce this variability, specifically for within-subject designs. Depending on the behavior that is being studied, the FDG method may be at least as good as the [ 15 0]water method for studying behavior. As posi tron emission tomography has been developed to study function, which is itself inherently variable, the successful applications of this technique will depend on strategies that can reliably determine function within the context of this variability.
